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Through a solid state process, YBO3:Ce*+,Tb** was created via rare earth 
oxides along with boric acid. The phosphor absorbs close-ultraviolet 
illumination through the transitions 4f-5d of Ce**, then emits a wide spectrum 
of light through the transitions 5d-4f of Ce** and a sharp spectrum of light 
through the transitions 4f-4f of Tb**. Nonradioactive power transmission 
between Ce*+ and Tb** has been seen in samples with varying amounts of Ce*+ 
and Tb** using spectroscopic analysis. The quantities of Ce**+ as well as Tb** 
decides the hue for the YBO3:Ce**+,Tb** emission, ranging between blue and 
green. The Yos2Ceo.03Tbo.1sBO3 phosphor, which emits green light when 
optimized, has an exterior quantum effectiveness of 76.7% and an emission 
color of (0.309, 0.547). This phosphor's luminescence strength maintains 87% 
of its strength at ambient temperature, demonstrating enough heat stability for 
white illumination emitting diode implementations. 


WLEDs 


This is an open access article under the CC BY-SA license. 


Corresponding Author: 


My Hanh Nguyen Thi 

Faculty of Mechanical Engineering, Industrial University of Ho Chi Minh City 
No. 12 Nguyen Van Bao Street, Ho Chi Minh City, Vietnam 

Email: nguyenthimyhanh @iuh.edu.vn 


1. INTRODUCTION 

One of the crucial areas for study in the realm of electrochemistry has been the investigation of 
innovative phosphor substances [1], [2]. As wavelength converters for diodes emit white illumination (LEDs), 
phosphors that release visible colors when excited by blue or close UV illumination have received a lot of interest 
recently. The first white LED to be sold in stores is made up of one blue LED along with a Y3A1sO12(Y AG):Ce** 
sample capable of changing the wavelength of blue illumination to yellow illumination. To increase the hue 
rendering index of white illumination, a close UV LED along with red, green, blue (RGB) phosphor samples have 
been combined [3], [4]. Recent studies had concerned sulfide phosphor samples, such as ZnS:Cu*,AI** as well as 
SrGaS4:Eu”*, in order to achieve an effective wavelength conversion from close UV to green illumination, even 
if their chemical stability is insufficient for practical purposes [5]-[7]. Due to their high quantum effectiveness, 
broad stimulating wavelength range from the UV to the blue area, and strong chemical and heat stabilities, 
oxynitride phosphor samples incorporated with Eu”* can be produced in the form of effective green phosphor 
samples. They can only be produced using high heat processes between 1,300 and 2,000 °C, though. Other green- 
emitting phosphors with equivalent characteristics and kinder preparation requirements must yet be found [8]. 

From the perspectives of great chemical and heat stability and excellent optic transparency in the close 
UV and viewable areas, yttrium borate would be an appropriate crystal base to house phosphors. There are 
several ways to synthesize YBOs, involving wet chemical approaches at lower temperatures as well as solid 
state processes that take place between 1,000 and 1,200 °C [9]. For use in plasma display panel applications, 
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several studies have described the synthesis and characterisation for YBO3:Eu** as well as YBO3:Tb** having 
varied magnitudes as well as forms. We recently published a hydthermal combination of YBO3:Ce**, a 
phosphor that emits blue light when excited by close UV radiation [10], [11]. 

In many different forms for non-organic phosphor samples, the trivalent Ce** ion serves as an effective 
luminous center substitution. By transferring energy from Ce** to Tb**, Ce** becomes one responsitizer in the 
case of one Tb** granules that emits green light, such as LaPO.:Ce**,Tb**. Ce** generally exhibits a wide 
absorption across the spin- and parity-allowed conversion from the stimulated 4f°5d1 state to the ground 4f1 
state [12], [13]. The crystalline cleavage for the 5d states, which is controlled by the crystal base's layout, has 
a significant impact on the energy of this absorption photon. By selecting an appropriate base, we can adjust 
the stimulation wavelength for Ce** between the UV and the blue area. When it comes to YBO; of the vaterite 
kind, Ce** ion takes the place of Y** and exhibits a widespread absorptivity in the close UV area at ~365 nm. 

The study herein concerns YBO3 dually incorporated with Ce** as well as Tb** in the form of one 
new, near-UV-excited, green-emitting phosphor. Many studies discovered on their preliminary findings into 
the photoluminescence (PL) of the YBO3:Ce**,Tb**. To our understanding, though, there have not yet been any 
thorough analyses of the PL characteristics of YBO3:Ce**,Tb**, including the effects of Ce** as well as Tb** 
dosages upon PL strengths, ideal Ce** as well as Tb** dosages, luminous quantum effectiveness, along with 
emitting hue [14], [15]. This research aims to reveal the PL characteristics for YBO3:Ce**,Tb** utilizing 
specimens of Y\-x-yCexTbyBO3 produced by a solid state synthesis and having varying Ce** and Tb** 
concentrations. We further look at how the PL strength varies with temperature and talk about the prospect of 
using YBO3:Ce**,Tb** when it comes to WLED implementations. 


2. METHOD 
The similar spectrometer with an integrating sphere unit was used to evaluate absolute external 
quantum efficiency (EQE), which was calculated utilizing the (1) [16]: 


EQE =— (1) 


lex—lref 


where J,,, stands for the sample's integrated emitting strength, /.. for the stimulation illumination that strikes 
the sample directly, and /,¢ for the stimulation light that is not absorbed by the specimen. /-, was measured 
using a reflectance standard. At heats ranging from ambient temperature to 300 °C, PL spectra were measured 
using a heating attachment. 

When nonradiative energy is transferred from a donor to an acceptor, the power transmission 
effectiveness, or Net, is given by (2) [17]: 


Ner =1 NG (2) 
No and 7 signify the quantum productivities for the giving radiation when not accompanied by the acceptor and 
in the existence of the receiver, in turn. The net outcomes for Yo.97-yCeo.o3 byBO3 specimens were computed 
then displayed in the form of one function for Tb** dosage, utilizing an estimate that it is possible to supplant 
the proportion 1/no using the proportion for incorporated PL strengths. The ner value steadily rises as Tb** 
dosage raises, indicating a steadily rising likelihood for power conversion between Ce** and Tb**. The critical 
dosage for Tb**, or the dosage rendering the possibility for power conversion between excited Ce** and Tb** 
equivalent to the possibility for attenuation pathways, nr1=0.5, is 3.2 at %. 

The (3) and (4) could be used to calculate the critical spaces for dipole-dipole as well as dipole- 
quatrupole interactivities [18]: 


6 _ 3h*c*Qa faEFe®) 

Raa’ =a S dE (3) 
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Raq = Tah fo “dsé (4) 


the (5) may be used to calculate the dopant ions' mean closest neighbor distance [19], R: 


Re 2(Ge) 6) 


where V is the unit cellule's volume, C signifies the doping dosage. N signifies the total amount for dopant ion- 
accepting locations. Utilizing said factors, being the total dosage for Ce** as well as Tb**, the R value is 
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predicted to be 11.9 A judging the critical dosage stated before, i.e., Ce** reaching 3.0 at %, Tb** reaching 3.2 
at %. The real mean distance among one Ce** granule and a closest adjacent Tb** granule would be therefore 
exceeds 11.9 A. It is significant to mention that the critical distances of the three power transmission processes 
are bigger than the mean closest adjacent range among Ce** as well as Tb** under the critical dosage. This may 
be explained by the fact that the high Ce** concentration prevents stimulated power migration among Ce** ions 
from becoming inconsequential in the energy transmission procedure. A same phenomenon was noted in the 
CeBO3:Tb** layout by Blasse and Bril [20], [21]. 


3. RESULTS AND DISCUSSION 

The optimal light source for general illumination needs to have the highest luminous efficacy of radiation 
(LER) and excellent color rendering. While it is clear how to compute the LER, there is still disagreement on 
what constitutes "excellent" color rendering [22]. The chroma rendition index (CRI), or hue rendering index, is 
the current industry standard for hue rendering. The Commission Internationale de |'Eclairage (CIE) developed 
the index in 1965, updated it in 1974, and reissued in 1995 with small modifications. It is helpful to condense the 
meaning for said index. A book by Schanda concerns a comprehensive overview on this index. Color rendering 
index (CRI) is defined based on a comparison of the test items’ colors under the test light source and their colors 
under a reference supply. The selection of this example is obviously crucial since it establishes what the 'real' hues 
of items are. 

Judging the the kind of testing means, an infinite quantity for referential supplies is employed for 
defining the index: The test source's correlated color temperature (CCT) would be determined through first 
collating the source’s spectrum to that of one black body radiator [23]. The heat of the black body that most 
nearly links the test means's spectrum is then determined. When the test source's CCT goes below 5,000 K, 
one black body radiator having the same CCT serves as the referential source to determine CRI. Exceeding 
5,000 K, a standard daylight spectrum with the identical CCT that was created using the CIE's D65 standard 
illuminant is utilized. It is obvious that researchers have extensively researched the wide range producing rare 
earth ions Eu** and Ce**. This is mainly due to their distinctive emission characteristics, which combine a broad 
emission spectrum (resulting in strong hue rendering qualities), a very modest Stokes shift (enabling excitation 
within the close-UV or blue spectral section), along with quick decomposition durations (avoiding saturation). 

High quantum performances and a favorable heating quenching behavior can be attained depending 
on the host material. Moreover, by carefully selecting the host molecule, it is possible to adjust the emitting 
spectrum between close-UV and deep red. One spin orbit with two levels (Fs. and 7F72), and a power division 
of around 2000 cm, may be seen in the 4f ground state. The lowest 5d excited state is reduced in power, or 
red-shifted, when incorporated into an inorganic molecule as opposed to the free (gaseous) Ce** ion. The crystal 
field splitting and centroid shift that make up this red-shift are caused by the nephelauxetic effect, which is 
dependent on the polarizability of the nearby anions. Therefore, it is possible to alter the emission and excitation 
wavelengths by varying the host material's composition. The Stokes shift, which is the dissimilarity among the 
absorptivity and emitting power, results from lattice relaxation following the stimulation of the 4f electron to 
the 5d orbital (a similar relaxation also happens after the transition to the ground state). Due of the shifts 
between the 5d stimulated status and spin orbit split ground status, Ce** exhibits a wide emission spectrum. 

Similar figures can be produced after doping with Eu‘, with the major distinction being that the 4f7 
ground state is a single level (8S72), meaning that spin orbit splitting is absent, and the emitting spectrum is 
essentially made up of a sole emitting range with a figurative FWHM in the 50-100 nm range. The presence 
of many emission bands in some substances might cause the emission spectrum to widen. When the Eu-ions 
are integrated on lattice sites with distinct symmetry and/or a distinctly space from the nearest neighbor ions, 
this effect is seen. In general, monovalent or divalent cation sites where Eu”* is present allow for the observation 
of Eu** emission. Owing to the 5d excited state's location in the host's conduction range, Eu** radiation is 
seldom seen when a trivalent ion is substituted for it. 

Owing to the splitting of the 5d recreated state via the crystalline field, coupled to the multiplet 
splitting of the 4f° structure, the excitation spectrum for compounds with Eu?* doping is wide and frequently 
quite featureless. The latter is comparable to the ’F; level ground state splitting for Eu**, which can occasionally 
result in a staircase-like fine layout in the stimulation spectra. With close-UV as well as blue LEDs, a great 
overlap would be attainable with phosphor samples generating discharge between green and red. With Ce** as 
the main exception, most trivalent rare earth ions produce a series of rather narrow emission lines as a result 
of intrinsic 4f" -4f" conversions that are scarcely influenced by the host molecule. The host does, however, 
have little impact on the emissive characteristics of these 4f-4f emitters because it affects the quantum 
performance (due to the presence of non-radiative pathways and heat quenching behavior) as well as the 
relative strength of the emitting lines (via choosing rules related to local symmetry). A lot of these rare earth 
ions release illumination that may be seen. Notable rare earth ions include Tb** (green radiation, reach the apex 
under 545 nm) along with Eu** (radioactivity between orange and red, reach an apex almost 600 or 620 nm), 
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which have both been extensively used in cathode ray tubes and fluorescent light phosphors. Since 5d states as 
well as charge shift statuses (CSS) would be usually found much below 350 nm (as indicated for Y202S:Eu**), 
the main challenge with converting these substances to LED applications is the absence of effective, broad 
range recreation paths between the close-UV and blue spectral section [24]. 

Figure | illustrates the reversal of the relationship between the concentrations of green phosphorus 
YBO3:Ce**,Tb** as well as phosphorus YAG:Ce**. Said adjustment maintains median CCT levels, and affects 
the absorption as well as disspersion for two phosphor sheets in WLEDs. In the end, this affects how well 
WLEDs perform in terms of luminous flux and color quality. Thus, the selection of the YBO3:Ce**,Tb** 
concentration aletrs the chroma output in WLED apparatuses. As the YBO3:Ce**,Tb** dosage climbed (2-20% 
wt), it declined, sustaining the average CCTs. The same is valid for WLEDs that have disparate chroma heat 
levels ranging between 5,600 and 8,500 K. 

Figure 2 makes it clear how the YBO3:Ce**,Tb** presence affects the transmission spectrum in the 
WLED apparatus. One can select options according to the specifications set out by the manufacturer. Low 
luminous flux WLEDs can be used when great color fidelity is required. Figure 2 illustrates how the spectral 
band that makes up white light is combined. These five images each show a spectrum at a different color 
temperature: 5,600 K, 6,600 K, 7,000 K, 7,700 K, along with 8,500 K. The potency escalates alongside the 
dosages of YBO3:Ce**,Tb** within specific spectral areas, 420 nm—480 nm as well as 500 nm-640 nm. A 
growth for the yielded illumination is indicated by the dual-band emitting spectra, which has increased. On the 
other hand, judging the WLEDs' superior blue-illumination dispersion, the dual phosphor sheets along with the 
greater dispersion in WLED augments chroma consistency, which is a significant result. Managing the chroma 
consistency for the remote phosphor setting at high heats would be hard. The paper herein shows that 
YBO3:Ce**,Tb** may enhance the hue standard of WLEDs at both high and low hue heats (5,600 K and 8,500 K). 
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Figure 1. Changing phosphor presence for retaining average CCT 
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Figure 2. The discharging spectra in 4,000 K WLED device correlating with YBO3:Ce**,Tb** presence 


The study herein manages to prove the efficiency for the two-sheet illumination discharge in remote 
phosphor setting. Judging Figure 3, as YBO3:Ce**,Tb** dosage escalated (2-20%), the lumen surged 
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substantially. Judging every CCT level in Figure 4, the YBO3:Ce**,Tb** concentration greatly decreased the 
color deviation, possibly resulting from the absorption from the red sheet of phosphor. If YBO3:Ce**,Tb** 
assimilates the blue illumination generated via the LED chip, it converts it into green Ilumination, subsequently 
generated via granules of blue phosphor. The YBO3:Ce**,Tb** particles also continue to assimilate yellow 
light. Nonetheless, the blue illumination absorption would be larger, a result of the substance’s absorption 
qualities. With the addition of YBO3:Ce**,Tb**, the green-illumination concentration in the WLED device 
increases, which boosts the hue consistency. This factor would be among the most necessary features. The 
WLED cost surges as the chroma consistency rises. On the other hand, the inexpensive price for 
YBO3:Ce**,Tb** is a benefit. YBO3:Ce**,Tb** can therefore be applied broadly. 
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Figure 3. The illumination for WLED device correlating with YBO3:Ce**,Tb** presence 
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Figure 4. CCT in WLED device correlating with YBO3:Ce**,Tb** presence 


Chroma consistency would simply be one of many factors for gauging the WLEDs' chroma 
quality [25], [26]. Significant hue consistency does not guarantee a decent hue standard. Hence, it is necessary 
to utilize CRI ans chroma quality scale (CQS). CRI shows entities' true chroma if they are illuminated. If green 
illumination becomes excessive among the key chromas (green, yellow, blue), there will be an imbalance in the 
chroma gamut, aletring the color precision of WLEDs, leading to inferior chroma quality. Figure 5 displays one 
slight CRI drop when the distant phosphor YBO3:Ce**,Tb** layer is present. However, given that CRI would be 
only one drawback for CQS, this event would be acceptable. The challenge in CQS obtainment would surpass 
CRI [27]. Three variables combine to form the CQS index: the color rendering index comes in first, followed by 
viewer preference and hue coordinate. About these three essential elements, CQS comes close to being a real 
overall evaluation for chroma output. Figure 6 displays how CQS is enhanced when the phosphor YBO3:Ce**, Tb** 
layer is introduced [28]. Additionally, the CQS does not change much as the YBO3;:Ce**,Tb** concentration is 
raised when it is less than 10% wt. The substantial hue loss when green is prevalent results in CRI as well as CQS 
highly declined under YBO3:Ce**,Tb** dosage exceeding 10% wt. Hence, picking a suitable dosage is a must. 
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Figure 5. CRI in WLED device correlating with YBO3:Ce**,Tb** presence 


80 
60 | cee IRIRrtrerentee- 
wn 
S40 
YY 
20 —--5% 10% 
0 
0 5 10 15 20 


GP particle size (um) 


Figure 6. CQS in WLED device correlating with YBO3:Ce**,Tb** presence 


4. CONCLUSION 

It is obvious that a range of doping elements can be used for creating good conversion phosphor 
samples based on the required kind of emission spectrum. The base latticework has to adhere to specific criteria. 
It should go without saying that the base has to have high thermal as well as chemical robustness so that it can 
withstand the high heat levels near the LED chip, achieving the prolonged durability. Additionally, the matter 
has to have optical transparency to the light being produced. The base has to remain clear in the case of the 
radiation of the LED unless a host-dopant power conversion takes place, which restricts the options to broad 
band-gap substances. If the replaced ion and the dopant ion in the host do not have any charge or size 
differences, incorporating dopants into the host substance is made easier. With regard to the thermal input, the 
gases and precursors utilized, and last but not least, affordability, environmentally friendly practices should be 
used when producing phosphor. 
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